Abstract: Creep-fatigue remaining life of 316LC steel subjected to PP-type testing and CP-type testing is evaluated by use of two procedures that the authors proposed in the previous work for Mod. 9Cr-1Mo steel. A new creep-fatigue damage rules determined by the authors for 316LC steels are used, where crack initiation life cannot be neglected in CP-type straining or in PP type straining. The results show that both proposed procedures yield more accurate estimations of remaining life, material damage and applied inelastic strain range for 316LC steel than for Mod. 9Cr-1Mo steel. Among the two procedures, procedure 1 yields superior prediction accuracy over procedure 2, where the former requires measurement of surface crack length at a given total number of cycles, whereas the latter requires measurement of surface crack growth rate. Especially satisfactory results are obtained when procedure 1 is adopted and the actual value is below 1.1 and the corresponding ratios for material damage and applied inelastic strain range are from 0.9 to 1.3.
INTRODUCTION
In a previous paper [1] , the authors presented procedures for evaluating remaining life on the basis of a new creep-fatigue damage rule [2, 3] , and applied the procedures to remaining life evaluation of Mod. 9Cr-1Mo round bar specimens tested at 873K in air. The proposed procedures could estimate remaining life, applied strain range and material damage from surface crack length at a certain number of cycles or from the change of surface crack length during a certain numbers of cycles, and therefore could obtain a more general solution to the remaining life evaluation problem than the conventional methods [4] [5] [6] [7] .
The results by the present authors show that the prediction accuracies of the procedures are very good in case of PP tests, whereas they are extremely poor when the applied strain ranges were small in PC, CP and CC tests, especially in cases where the difference between measured crack length and the hypothetical initial crack length is 30um or less , or where the change in crack length during a given interval of measurement is 30um or less.
Except for these cases, remaining life evaluathe need for further improvements.
One of the causes of unsatisfactory prediction accuracies in the PC, CP and cCC tests lies in the creep-fatigue damage rule proposed for Mod. 9Cr-1Mo steel being based on the assumption that crack initiation life is negligible in comparison with total life, regardless of the level of the applied strain range in these tests.
In the present study, the proposed procedures for the remaining life evaluation are applied for 316LC steel. The creep-fatigue damage rule of this material in PP-and CP-type straining was studied previously, yielding the finding that crack initiation life should be considered in CP-type straining as well as in PP-type straining [8] . The results of such consideration show that the prediction accuracies in the remaining life evaluation of 316LC steel are much more satisfactory than in case of Mod.9Cr-1Mo steel, suggesting that the creep-fatigue damage rule of Mod.9Cr-1Mo steel in PC-, CP-and CC-type straining should be improved to the level found in the case of 316LC steel. In the previous report [8] , the authors measured the maximum crack length on the surface of 316LC smooth round bar specimens at the various life stages during PP and CP tests. The results are shown in Figs.1 and 2. The measurement was conducted by stopping the test intermittently at a given cycle ratio n/Nf and calculating the remaining life. In the present paper, the remaining lives are evaluated from these data by both procedures at various cycle ratios of the tests. Table 2 urement corresponding to each of the tests. In procedures 2, remaining life was evaluated at in Fig. 1 , the observed surface crack length was smaller than the hypothetical initial crack length (a0)cp. In such case, the remaining lite was calculated under the assumption that the measured value is equal to the hypothetical initial crack length. In cases where the change in Table 2 . PP and CP test results on 316LC steels analyzed by the proposed remaining life evaluation proce-
Results of Remaining Life Estimation
In Figs In the case of procedure 1, as observed in Fig. 3 , estimated remaining life shows very close agreement with actual remaining life at almost all evaluation points. Procedure 1 tends to predict a life that is shorter than the actual remaining life. When applied inelastic strain range is small, the difference between estimated life and actual life is large at the initial evaluation points, whereas when applied inelastic strain range is large, the difference increases with the cycle ratio. Therefore, procedure 1 can be expected to yield conservative estimation. These results indicate that the prediction accuracy being very poor near 200 cycles, by a factor greater than 2, does not present a significant problem for the reliability of the procedure 1.
In the case of procedure 2, the difference between estimated life and the actual remaining life is larger than in the case of procedure 1. The estimation is conservative when applied strain range is large, whereas it is not always conservative when applied inelastic strain range is small. The estimation accuracy of procedure 2 is poorer than that of procedure 1 for 316LC steel, but is better Table 3 summarizes the values of cycle ratio at which the remaining life of each specimen tested is estimated as zero by both procedures. Actual remaining lives are also listed for comparison with the estimated values. The
procedures have approximately equal ability to precisely determine the zero-remaining-life point.
Results of Material Damage Estimation
Material damage at the evaluation point can be calculated as n/Nf in procedure 1 and as n2/Nf in procedure 2. Figure 6 compares the estimated values of material damage, (n/Nf)pre, with actual material damage (n/Nf)exp, and shows that both procedures yielded conservative estimation at almost all evaluation points. Estimation accuracy is good, except for a few points in procedure 2 where accuracy is poor by a factor of 2 or more. Accuracy is especially good in procedure Table 3 . Cycle ratios at which each of the proposed procedures estimated remaining life is zero or less at each test (Proc. 1 and 2 denote the estimated lives by procedure 1 and 2, respectively). In contrast, in the case of procedure 2, the estimation was conservative at some points and not conservative at other points, independent of the evaluation life stage, the strain waveform and the applied inelastic strain range of the tests. The estimation accuracy generally falls within a factor of 2.
DISCUSSION
The results of the present study show that proposed procedure 1 can estimate remaining life with good accuracy and some conservatism.
However, the results also show that estimation accuracy varies from cycle ratio to cycle ratio, and that further improvement in accuracy is required, especially at the initial life stage when the measured surface crack length is small. Meanwhile, proposed procedure 2 is found to be inferior to procedure 1 in estimation accuracy and conservatism, and sufficient surface crack length change should be measured for accurate prediction.
From these findings, the effect of measured surface crack length on the estimation accuracy of procedure 1 and the effect of the amount of measured surface crack length change on the estimation accuracy of procedure 2 are discussed below.
Effect of The Value of Measured
Crack
Estimation accuracy is expressed as the ratio of the estimated value to the actual value, and therefore conservative estimation is indicated by a ratio smaller than 1.0 for remaining life and ratios These figures show that estimation accuracy is generally very good; the ratio is 1.1 at the highest for remaining life, and 0.9 at the lowest for both material damage and applied inelastic strain range. However, poor estimation accuracies with nonconservatism are observed tion with high estimation accuracy is yielded when 2a
ing life with an accuracy below a factor of 1.1 and both material damage and applied inelastic strain range within a factor of 0.9 to 1.3.
5. The proposed procedures' greater accuracy in estimating remaining creep-fatigue lives for 316LC steel than for Mod. 9Cr-1Mo steel strongly suggests that the necessity to improve the damage rule proposed for Mod. 9Cr-1Mo steel; at least, to modify the rule as that proposed for 316LC steel. Another, more general modification of Eq. (1) worthy of examining in further study is the creep-fatigue damage rule based on the extension Fig. 11 . Effect of crack length on the prediction accuracy of procedure 1 for inelastic strain range. 
CONCLUSION
Remaining creep-fatigue life evaluation was conby using the two procedures that the authors had previously proposed for Mod. 9Cr-1Mo steel. One, called procedure 1, is based on the measurement of the surface crack length 2a at a given number of operation cycles following start up, and the other, called procedure 2, is based on the measurement of surface crack length change during a given interval; i. e., a given number of cycles. The results show the followings:
(1) The two proposed procedures yield much greater estimation accuracies when applied to 316LC steel rather than to Mod. 9Cr-1Mo steel. (2) Among the two procedures, procedure 1 is superior to procedure 2 in the estimation accuracy. Especially satisfactory results are obtained when procedure 1 is adopted longer. The ratio of the predicted value to the actual value ranges below 1.1 for remaining life and from 0.9 to 1.3 for both material damage and applied inelastic strain range. (3) The two procedures yield satisfactory prediction accuracy of zero-remaining-life operation cycles, and little difference is found between the two.
These results strongly suggest that the creep-fatigue damage rules determined by the authors for 316LC steel should be applied to remaining life evaluation of Mod. 9Cr-1Mo steel; specifically, crack initiation life can be neglected in neither CP-type straining nor PP-type straining.
